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ABSTRACT 

The  e l e c t r o n  b e a m  f l u o r e s c e n c e  t e c h n i q u e  was  u s e d  fo r  p e r f o r m i n g  
s p a t i a l l y  r e s o l v e d  d e n s i t y  m e a s u r e m e n t s  of a t e r n a r y  gas  m i x t u r e  c o m -  
p o s e d  of h e l i u m ,  n i t r o g e n ,  and h y d r o g e n .  The  f low f i e ld  s t u d i e d  was  
p r o d u c e d  by a m u l t i n o z z l e  a r r a y ,  and to ta l  gas  d e n s i t y  v a l u e s  e x c e e d e d  
1017 m o l e c u l e s / c c  wi thin  c e r t a i n  r e g i o n s  of the  flow. The  e x p e r i m e n -  
ta l  a p p a r a t u s ,  the p r o c e d u r e s ,  and the m e t h o d  of da ta  r e d u c t i o n  u s e d  
a r e  d i s c u s s e d .  
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SECTION I 
I N T R O D U C T I O N  

E l e c t r o n  b e a m  f l u o r e s c e n c e  d i a g n o s t i c s  of gas  d y n a m i c  e x p a n s i o n  
f low f i e l d s  have  been  d e m o n s t r a t e d  d u r i n g  the  p r e v i o u s  d e c a d e  to be a 
v a l u a b l e  s o u r c e  of i n f o r m a t i o n  u n d e r  l o w - d e n s i t y  f low c o n d i t i o n s .  P r e -  
v ious  a p p l i c a t i o n s  of the  t e c h n i q u e  have  i n c l u d e d  s p a t i a l l y  r e s o l v e d  
m e a s u r e m e n t s  of gas  d e n s i t y  of s i n g l e - s p e c i e  f low f i e ld s ,  n i t r o g e n  r o -  
t a t i o n a l  and v i b r a t i o n a l  t e m p e r a t u r e s  in a v a r i e t y  of f low f i e l d s ,  and 
gas  d e n s i t i e s  of b i n a r y  m o n a t o m i c  m i x t u r e s  expand ing  f r o m  a s o n i c  o r -  
i f i ce  (Refs .  1-3).  R e c e n t  a p p l i c a t i o n s  of the  t e c h n i q u e  at  A E D C  have  
e x t e n d e d  the u t i l i z a t i o n  of the  t e c h n i q u e  to s t u d i e s  of the i n t e r a c t i o n s  
of two flow f i e l d s  (Ref .  4), e a c h  c o m p o s e d  of a s i n g l e  gas  s p e c i e ,  
and m e a s u r e m e n t s  of both gas  d e n s i t y  and t e m p e r a t u r e  have  been  p e r -  
f o r m e d .  H o w e v e r ,  al l  of the  a f o r e m e n t i o n e d  a p p l i c a t i o n s  s h a r e  the  
c h a r a c t e r i s t i c s  of be ing  l o w - d e n s i t y  and e i t h e r  s i n g l e  o r  b i n a r y  gas  
s p e c i e  e x p a n s i o n s .  E x t e n s i o n  of the t e c h n i q u e  s i m u l t a n e o u s l y  to h i g h e r  
d e n s i t y  (i. e . ,  t o t a l - d e n s i t y  v a l u e s  on the  o r d e r  of 1017 m o l e c u l e s / c c )  
and m u l t i p l e - s p e c i e  f low f i e l d s  r e s u l t s  in a s u b s t a n t i a l  i n c r e a s e  in c o m -  
p l e x i t y  of the  m e a s u r e m e n t  and i n t e r p r e t a t i o n  of the da ta .  Such an in- 
c r e a s e  in c o m p l e x i t y  is,  of c o u r s e ,  a r e s u l t  of the  r e q u i r e m e n t  to con-  
s i d e r  c o l l i s i o n  q u e n c h i n g  e f f ec t s  and the  e x i s t e n c e  of r a d i a t i o n  " c r o s s -  
t a lk"  t h r o u g h  e i t h e r  op t i ca l  f i l t e r s  o r  s p e c t r o m e t e r s .  The  p r o b l e m s  
a r e  f u r t h e r  c o m p l i c a t e d  if the o b s e r v e d  r a d i a t i o n  s y s t e m  of one  o r  m o r e  
of the  s p e c i e s  is w e a k  r e l a t i v e  to the o t h e r s .  In th i s  event ,  q u e n c h i n g  
c o n s t a n t s ,  b a c k g r o u n d  c o r r e c t i o n ,  c r o s s - t a l k ,  and both r a d i a t i v e -  and  
c o l l i s i o n - i n d u c e d  c a s c a d i n g  e f f ec t s  m u s t  be  a c c u r a t e l y  m e a s u r e d .  De-  
sp i t e  the  e x i s t e n c e  of such  d i f f i cu l t i e s ,  the  r e q u i r e m e n t  of s p a t i a l l y  r e -  
s o l v e d  d e n s i t y  da ta  fo r  c e r t a i n  t e s t i n g  a p p l i c a t i o n s  j u s t i f i e s  the u t i l i z a -  
t ion of the  e l e c t r o n  b e a m  t e c h n i q u e .  I n c l u d e d  in t h e s e  a p p l i c a t i o n s  a r e  
d i a g n o s t i c s  of exhaus t  p l u m e s ,  wh ich  a r e  t y p i c a l l y  m u l t i - s p e c i e  f low 
f i e ld s ,  and s t u d i e s  of the  gas  d y n a m i c s  of m u l t i - s p e c i e  i n t e r a c t i n g  f lows  
such  as  a r e  u s e d  f o r  c o n t i n u o u s  c h e m i c a l  l a s e r  s y s t e m s .  It is f o r  the  
l a t t e r  a p p l i c a t i o n  tha t  th i s  w o r k  was  done.  

The  gas  d y n a m i c  s o u r c e  of th i s  i n v e s t i g a t i o n  was  an a r r a y  of noz-  
z l e s  and j e t s  as  shown in F ig .  1, Append ix  I. The  s m a l l e r  o r i f i c e s  
w e r e  h y d r o g e n  (H 2) gas  s o u r c e s ,  and the l a r g e r  o r i f i c e s ,  o r  n o z z l e s ,  
p r o d u c e d  s u p e r s o n i c  f lows  of n i t r o g e n  ( N 2 ) / h e l i u m  (He) m i x t u r e s ,  wh ich  
w e r e  u s e d  f o r  s i m u l a t i o n  of g a s e s  a c t u a l l y  e m p l o y e d  in the  c h e m i c a l  
l a s e r  s y s t e m .  A d e t a i l e d  d e s c r i p t i o n  of the  n o z z l e  bank,  o p e r a t i n g  con-  
d i t ions ,  and  s i m u l a t i o n  p a r a m e t e r s  is g iven  in Ref.  5. Us ing  the  s o u r c e  
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p a r a m e t e r s  l i s t e d  in Ref.  5, it was  e s t i m a t e d  that  the  o r d e r  of m a g n i -  
tude  of the  f r e e - s t r e a m  to t a l  n u m b e r  d e n s i t y  would be 1017 a t o m s  and 
m o l e c u l e s / c c .  F o r  t h i s  flow f ie ld ,  it was  d e s i r e d  to s tudy  the  i n t e r -  
a c t i o n s  of the  gas  d y n a m i c  e x p a n s i o n s  of the  H2 o r i f i c e s  and the N 2 / H e  
n o z z l e s .  Spec i f i ca l l y ,  it was  d e s i r e d  to m e a s u r e  the  a x i a l  and r a d i a l  
s p a t i a l  p r o f i l e s  of the  abs o lu t e  va lue  of the  n u m b e r  d e n s i t y  of the  indi -  
v idua l  s p e c i e s ,  H 2, He, and N 2. It was  a l so  d e s i r e d  to obta in ,  if pos -  
s ib le ,  i n f o r m a t i o n  c o n c e r n i n g  the  s p a t i a l  v a r i a t i o n  of the  gas  t e m p e r a -  
t u r e .  

The  fo l lowing  s e c t i o n s  of t h i s  r e p o r t  d i s c u s s  the  t h e o r e t i c a l  and 
e x p e r i m e n t a l  d e t a i l s  of the  a p p l i c a t i o n  of the  e l e c t r o n  b e a m  f l u o r e s -  
c ence  t e c h n i q u e  to the  n o n r o u t i n e  p r o b l e m  at hand and the  d e g r e e  of 
s u c c e s s  a t t a i n e d  in the  ef for t .  

SECTION II 
THEORY 

2.1 SINGLE-SPECIE EXCITATION 

The i n t e r a c t i o n  of a con t inuous ,  h i g h - e n e r g y  e l e c t r o n  b e a m  of 
e n e r g y  E B and c u r r e n t  I wi th  a t o m s  o r  m o l e c u l e s  in g round  s t a t e  g 
p r o d u c e s  a s t e a d y - s t a t e  n u m b e r  d e n s i t y  in exc i t ed  quan tum s t a t e  i, 
nx( i ) ,  and a s t e a d y - s t a t e  d e t e c t e d  photon e m i s s i o n  r a t e  fo r  b e a m  
l eng th  L fo r  the  i - t o - j  t r a n s i t i o n ,  Sx( i j ) .  It is  wel l  known tha t  SX(i j) 
can  be w r i t t e n  as  

Sx(ij) A(~.~) C'[Ax(iJ)]~x(iJ)ax(gi;E B) x I x nx(g) x L 
ffi x l + kxx( i ) rx( i )nx(g)  (1) 

w h e r e  •x(ij) is  the  b r a n c h i n g  f a c t o r  of the  i - t o - j  t r a n s i t i o n ,  ~x( i )  is  
the  l i f e t i m e  of the  s t a t e  i, and kXX(i) is  the  to t a l  q u e n c h i n g - r a t e  con-  
s t an t  fo r  s t a t e  i. It is  noted  that  both  i and j a r e  mere! ,~  two of a m a n i -  
fold of quan tum s t a t e s  fo r  the  s p e c i e  X and i t s  ions .  C [.~tx(ij) ] deno t e s  
the  ef fec t  of the  w a v e l e n g t h - d e p e n d e n t  o p t i c s  t r a n s m i s s i o n  f a c t o r  and 
pho toca thode  s e n s i t i v i t y .  The  f a c t o r  ~ / 4 7 r  r e p r e s e n t s  the  s o u r c e  so l id  
ang le  sub tended  by the d e t e c t o r  and is the  l o c a t i o n - d e p e n d e n t  f a c t o r  of 
the equat ion .  If r a d i a t i v e  c a s c a d i n g  e f f ec t s  a r e  p r e s e n t ,  it is e a s i l y  
shown tha t  the  on ly  change  r e q u i r e d  fo r  Eq. (1) is the  r e p l a c e m e n t  of 
a x ( g i ; E B ) ,  h e n c e f o r t h  deno ted  by a x ( g i ) ,  by  
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aX(g-i) " ax(gi) + E a.k(gt)~\(ti) (2) 
1 

w h e r e  t r e p r e s e . n t s  the  m a n i f o l d  of s t a t e s  for  wh ich  the e n e r g y  e i g e n -  
v a l u e s  e x c e e d  the  e n e r g y  e i g e n v a l u e  of s t a t e  i. The  t - t o - i  b r a n c h i n g  
f a c t o r  is deno t ed  by J3x(ti). I n c l u s i o n  of e f f ec t s  due to both c o l l i s i o n a l  
q u e n c h i n g  of the c a s c a d i n g  r a d i a t i o n  and c o l l i s i o n a l  i nduced  c a s c a d i n g  
can be shown to r e q u i r e  on ly  the r e p l a c e m e n t  of a x ( g i )  in Eq. (1) by the 
e x p r e s s i o n  

r • x ( t i )  + k x x ( t i ) t x ( t ) n x ( g ) ' l  

ax(gi) " °x(gi) + r" ox(gt)l- - - L  '+ £x~tT~x(-'~TEnx-Gi'g)" J (3) 

w h e r e  k x x ( t i )  is the  p a r t i a l  q u e n c h i n g - r a t e  c o n s t a n t  deno t ing  a co l l i -  
s iona l  t r a n s f e r  p r o c e s s  w h e r e b y  s p e c i e  X in s t a t e  t u n d e r g o e s  a t r a n -  
s i t ion  to s t a t e  i. Only  e x o e r g i c  p r o c e s s e s  a r e  c o n s i d e r e d ,  and the  r e -  
s t r i c t i o n s  on the  e n e r g y  e i g e n v a l u e s  r e m a i n  as  de f i ned  f o r  Eq. (2). 

The  i n c l u s i o n  of c a s c a d i n g  e f f ec t s  in Eq. (1) shows  c l e a r l y  the  de- 
s i r a b i l i t y  of s e l e c t i n g  fo r  u s e  as  f l o w - f i e l d  d i a g n o s t i c s  t r a n s i t i o n s  which  
a r e  s u b s t a n t i a l l y  f r e e  of both c o l l i s i o n a l  and r a d i a t i v e  c a s c a d i n g .  Un- 
f o r t u n a t e l y ,  only  the l a t t e r  effect ,  o r  i ts  a b s e n c e ,  can  be d e d u c e d  f r o m  
e x i s t i n g  data ,  f o r  c o l l i s i o n a l  q u e n c h i n g  c o n s t a n t s ,  both to ta l  and p a r t i a l ,  
a r e  r a r e l y  known fo r  c a s c a d i n g  s t a t e s .  Add i t i ona l l y ,  one  m u s t  r e l y  up- 
on e x t r a p o l a t e d  v a l u e s  of the  e x c i t a t i o n  c r o s s  s e c t i o n s  to c o r r e c t  for ,  
o r  e s t i m a t e ,  e f f ec t s  c a u s e d  by r a d i a t i v e  c a s c a d i n g ,  and th i s  is,  in  gen-  
e r a l ,  p o s s i b l e  on ly  fo r  a l l o w e d  e x c i t a t i o n  p r o c e s s e s  due to the  pauc i t y  
of da ta  f o r  h i g h - e n e r g y  exc i t a t i on  c r o s s  s e c t i o n s  fo r  f i r s t - o r d e r -  
f o r b i d d e n  t r a n s i t i o n s .  C o n s e q u e n t l y ,  f o r  d i a g n o s t i c s  a p p l i c a t i o n s  it is 
d e s i r a b l e  to s e l e c t  t r a n s i t i o n s  which  a r e  the r e s u l t  of a l l o w e d  exc i t a t i on  
p r o c e s s e s  so that  r a d i a t i v e  c a s c a d i n g  e f f e c t s  m u s t  be c a u s e d  by exc i t a -  
t ion p r o c e s s e s  which  a r e  at l e a s t  f i r s t - o r d e r  f o r b i d d e n .  Subsequen t  
r a d i a t i v e  c a s c a d i n g  t r a n s i t i o n s  f r o m  s t a t e s  e x c i t e d  by such  f o r b i d d e n  
p r o c e s s e s  a r e ,  in g e n e r a l ,  m u c h  w e a k e r  in i n t e n s i t y  than r a d i a t i v e  
t r a n s i t i o n s  f r o m  a l l o w e d  e x c i t a t i o n  p r o c e s s e s ,  and,  as  a r e s u l t ,  the  
s e c o n d  t e r m s  of both the n u m e r a t o r  and d e n o m i n a t o r  of the e x p r e s s i o n  
in b r a c k e t s  in Eq. (3) a r e  i g n o r e d .  F o r  th i s  c a s e ,  one  m a y  w r i t e  Eq. 
(1) as 

S × ( i j ) / l  = (Aff~  × 
k 4 r ¢ /  1 + k x x ( i ) r x ( i ) n x ( g )  (4) 
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and it is s e e n  that  Sx ( i j ) / I ,  an e x p e r i m e n t a l l y  d e t e r m i n e d  quant i ty ,  p r o -  
v i d e s  a d i r e c t  m e a s u r e m e n t  of nx(g) ,  p r o v i d e d  k x x ( i )  •X(i) is known. 
The m u l t i p l i c a t i v e  f a c t o r  

is d e t e r m i n e d  by an i n - s i t u  c a l i b r a t i o n  of the  t e s t  gas .  

2.2 MULTI-SPECIE EXCITATION 

E x t e n s i o n  of the  p r e c e d i n g  e x c i t a t i o n  equa t ion  fo r  a t e r n a r y  gas  
m i x t u r e  of s p e c i e s  X, Y, and Z p r o v i d e s  the  se t  of equa t ions  

iC "[ha(iJ)]~a(ij) [aa(gi) + ~ aa(gt)~a(ti)~na(g) 
Sa(ij)/I = x ~ n s)~ , a = X, Y, Z (5)  

+ ]~ kap(i)ra(i)n#( 
p.=l j 

w h e r e  the  d u m m y  index p i n d i c a t e s  a s u m  o v e r  the  s p e c i e s .  It is a s -  
s u m e d  that  heavy  p a r t i c l e  exc i t a t i on  p r o c e s s e s  a r e  n e g l i g i b l e  and, as  
be fo r e ,  that  c o l l i s i o n a l  quench ing  is the  r e s u l t  of a b i n a r y  co l l i s i on .  
Add i t iona l ly ,  c o l l i s i o n a l  c a s c a d i n g  e f f ec t s  a r e  ignored .  Equat ion  (5) 
shows  the  add i t i ona l  c o m p l e x i t y  due to m i x t u r e - q u e n c h i n g  e f fec t s ;  now 
t h r e e  q u e n c h i n g - r a t e  c o n s t a n t s  a r e  r e q u i r e d  fo r  each  r a d i a t i v e  s p e c i e .  

F o r  m a n y  app l i ca t i ons ,  as was  the  c a s e  fo r  th i s  t es t ,  the  u s e  of 
op t i ca l  f i l t e r s  fo r  w a v e l e n g t h  i so l a t i on  is n e c e s s i t a t e d  by r e q u i r e m e n t s  
p l a c e d  upon the  t i m e  ava i l ab l e  fo r  data  acqu i s i t i on .  Typ ica l  f i l t e r s  in 
the  v i s i b l e  r e g i m e  p o s s e s s  bandwid th s  on the  o r d e r  of 10 to 30 A, and 
the  u s e  of such  f i l t e r s  r e q u i r e s  that  c o n s i d e r a t i o n  be g iven  to op t i ca l  
c r o s s - t a l k  e f f ec t s .  F o r  the  t e r n a r y  m i x t u r e  X, Y, and Z, Fig.  2 shows  
the  l i k e l y  s o u r c e  of such  c r o s s - t a l k ,  n a m e l y ,  e l e c t r o n  b e a m  exc i t a t i on  
of r a d i a t i v e  s y s t e m s  of al l  t h r e e  s p e c i e s  with r e s p e c t i v e  r a d i a t i o n  w a v e -  
l e n g t h s  wi th in  the  f i l t e r  b a n d p a s s .  Spec i f i ca l ly ,  if s p e c i e  ~ = X is to be 
o b s e r v e d  us ing  a s p e c i f i e d  f i l t e r  fo r  the  i - t o - j  t r a n s i t i o n  of X, F ig .  2 
shows  t r a n s i t i o n s  of s p e c i e s  Y and Z which  can c o n t r i b u t e  to the  f i l t e r  
s igna l  if k x ( i j ) ,  ky(k~) ,  and ~tz(mn) a r e  a p p r o x i m a t e l y  equal .  As a 
r e s u l t ,  the  output  s igna l  of the  f i l t e r  s e l e c t e d  fo r  o b s e r v a t i o n  of the  
i - t o - j  t r a n s i t i o n  of s p e c i e  a is the  s u m  of the s i g n a l s  r e s u l t i n g  f r o m  
the  t h r e e  t r a n s i t i o n s  shown in Fig.  2. Additionally, for  the  m o d e l  
shown in Fig.  2 one  m u s t  inc lude ,  in g e n e r a l ,  q u e n c h i n g  e f f ec t s  on the  

4 
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c r o s s - t a l k  s i g n a l s  s i n c e  each  " i m p u r i t y  c r o s s - t a l k "  t r a n s i t i o n  m a y  suf-  
f e r  c o l l i s i o n a l  quench ing .  

Figure 3 shows an interaction diagram for the quenching processes 
associated with the radiating species of Fig. 2. The parenthetical quan- 
tities denote energy levels subject only to the restriction that the initial 
excited level and the final level are unequal. The specie A(g) represents 
any of the species X, Y• or Z in the ground electronic state. The 
quenching constant for the process indicated in Fig. 3, k(S. )(i), is the 

" XA 
quenching rate of excited specie X in level i for collision with specie A 
in the ground electronic state g. Superscript s denotes that the i-to-j 
radiative transition of specie X is observed by filter s. 

A s s u m i n g  t h r e e  f i l t e r s  a r e  to be u s e d  fo r  d e n s i t y  d e t e r m i n a t i o n s  
of the  t h r e e  s p e c i e s ,  H2• He, and N2, one  can deno te  the  t h r e e  c u r r e n t -  
n o r m a l i z e d  f i l t e r  output s i gna l s  by W(s)• s = I• 2, and 3, and d e s i g n a t e  
the  g a s e s  H 2, He, and N 2 by the s u b s c r i p t s  ~ = I• 2• and 3, r e spec=  
t ive ly .  One can now w r i t e  the  f i l t e r  s i gna l s  as  

3 lCs~n#/~ ~k(s)"(J)t.(')n ~} W(s)  ffi __X + , s = 1 , 2 , 3  
p 1 p ' = l  P'#" r" P 

(6a) 

k(S), where np(g) is denoted by np and #~ (i) denotes the quenching-rate 
constant of the i th state of the pth specie by specie p" as observed in 
filter s. The coefficient Cs# is seen, by comparison with Eq. (5), to 
be 

and the value of C'[h.p (ij)] is dependent on s. Therefore, 
sional quenching processes exist• then 

(6b) 

if no co l l i -  

3 

W(s)  = ~ s = 1 , 2 , 3  ( 7 )  p= l  Cspnp  ' 

Thus• for this simplified case nine constants are required, {Cs~ } 

s, ~ = 1, 2, and 3. Also, for the more general case including quench- 

oons, nts s .  

required. Fortunately• in practice many can be ignored, or order-of- 
magnitude estimates can be utilized. 
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As will be shown in a following section, the set of equations repre- 
sented by Eq. (6) can be solved by iteration, thereby obtaining the posi- 
tion-dependent values of number density, n/j(~), i = I, 2, and 3. Con- 
sideration of convergence of the iteration process and accuracy and 
precision of the data will be discussed in the aforementioned sedtion. 

It shou ld  be  n o t e d  tha t  u s e  of a d d i t i o n a l  f i l t e r s  to o b s e r v e  two o r  
m o r e  r a d i a t i v e  s y s t e m s  of a g iven  s p e c i e  can ,  in p r i n c i p l e ,  p r o v i d e  a 
d e s i r a b l e  f e a t u r e  of r e d u n d a n c y  f o r  the  data .  If m u l t i p l e  f i l t e r s  a r e  
u s e d  in th i s  m a n n e r ,  it is in p r i n c i p l e  p o s s i b l e  to e m p l o y  m o d i f i e d  
l e a s t - s q u a r e s  f i t t ing  to the  da ta  fo r  d e t e r m i n a t i o n  of the  se t  of n u m b e r  
d e n s i t i e s  f r o m  the  o v e r - s p e c i f y i n g  se t  of f i l t e r  output  s i g n a l s .  

2.3 RADIATIVE TRANSITIONS 

As a r e s u l t  of the  s h o r t  l e a d - t i m e  a v a i l a b l e  b e f o r e  a p p l i c a t i o n  of 
the  t e c h n i q u e  to the  t e s t ,  wh ich  is d e s c r i b e d  in Ref.  6, it w a s  not pos -  
s i b l e  to p e r f o r m  l a b o r a t o r y  m e a s u r e m e n t s  to d e t e r m i n e  the  o p t i m u m  
r a d i a t i v e  t r a n s i t i o n s  and q u e n c h i n g - r a t e  c o n s t a n t s  r e q u i r e d  f o r  the  
t e r n a r y  m i x t u r e .  O r d e r - o f - m a g n i t u d e  e s t i m a t e s  of unknown q u e n c h i n g -  
r a t e  c o n s t a n t s  and e x c i t a t i o n  c r o s s  s e c t i o n s  w e r e  u s e d ,  as  we l l  as  p r e -  
v i o u s  experience with N 2 and He, to select the radiative transitions 
listed in Table I (Appendix II) for the density measurements. It is 
noted in Table I that two transitions for He were selected: 41D--~21p 
at 4922 A and 31p--*-21S at 5016 ~; two transitions for H 2 density 
measurements were selected: H at 4861 ~ and H 2 G---~B at 4634 ~; 
one transition was selected for ~2 density measurements: N~ first 
negative (0, I) band, for which, along with the He 5016-A line, an opti- 
cal filter was in hand. Figure 4 shows a partial energy level diagram 
for the three species, and the three radiative transitions, He 31p -'*" 
21S, N~ (l-), and HI3, which were used are indicated thereon. A dis- 
cussion of the quenching-rate constants and excitation cross sections 
is presented in Section IV. 
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SECTION III 
EXPERIMENTAL APPARATUS 

3.1 GENERAL DESCRIPTION OF ELECTRON BEAM SYSTEM 

The  s y s t e m  r e q u i r e d  fo r  i n j e c t i n g  the  h i g h - e n e r g y  e l e c t r o n  b e a m  
into the  t e s t - g a s  f low c o n s i s t e d  of an e l e c t r o n  s o u r c e ,  a p o w e r  supply ,  
and a d i f f e r e n t i a l  p u m p i n g  s y s t e m .  A s c h e m a t i c  d r a w i n g  of the  e l e c t r o n  
b e a m  s y s t e m  i n s t a l l e d  on the  T h e r m o - C h e m i c a l  T e s t  Rig  (TCTR)  is 
shown in F ig .  5. The s o u r c e  of e l e c t r o n s  was  a GE Type  33 t e l e v i s i o n -  
type  e l e c t r o n  gun, wi th  an o x i d e - c o a t e d  c a t h o d e ,  m o d i f i e d  fo r  50-kv  
m a x i m u m  o p e r a t i o n .  The  a c c e l e r a t o r  g r i d  had an e n l a r g e d  o p e n i n g  of 
a p p r o x i m a t e l y  0 . 4 8 - c m  d i a m e t e r ,  a l l o w i n g  m a x i m u m  b e a m  c u r r e n t  op- 
e r a t i o n .  The  p o w e r  supp ly  fo r  the  f i l a m e n t  c o n s i s t e d  of b a t t e r i e s  
y i e l d i n g  f r o m  6 to 18 v dc.  To ob ta in  the  r e q u i r e d  e n e r g y  of 40 kv, the  
anode  of the gun was  g r o u n d e d ,  and the  c a t h o d e  was  c o n n e c t e d  d i r e c t l y  
to the  n e g a t i v e  output  of a 0 to 50 kv, 0 to 5 m a  p o w e r  supply .  Both the  
g r i d  and the p r e a c c e l e r a t o r  b i a s  v o l t a g e s  w e r e  supp l i ed  by b a t t e r i e s .  
F i g u r e  6 shows  the  c i r c u i t  d i a g r a m  of the  gun p o w e r  supply .  

The  e l e c t r o n  gun i t s e l f  was  m o u n t e d  wi th in  a l e ak t i gh t ,  i n s u l a t e d  
L e x a n ® h o u s i n g  which  was  m a i n t a i n e d  at 2 a t m o s p h e r e s  (a tm) of SF 6, as  
was  the  c a n i s t e r  c o n t a i n i n g  the  f i l a m e n t ,  p r e a c c e l e r a t o r ,  and g r i d  vo l t -  
age  b a t t e r i e s ,  the vo l t age  d i v i d e r  n e t w o r k ,  and the  tygon tube  l e a d i n g  
the  p o w e r  supply  c a b l e s  f r o m  the  b a t t e r y  c a n i s t e r  to the  e l e c t r o n  gun 
hous ing .  Th i s  a r r a n g e m e n t  p r e v e n t e d  a r c i n g  and c o r o n a  d i s c h a r g e .  

The  b e a m  was  m a g n e t i c a l l y  f o c u s e d  and d e f l e c t e d  to c o i n c i d e  wi th  
a t w o - s t a g e  o r i f i c e  open ing  into the  t e s t  s e c t i o n .  The  f i r s t - s t a g e  open-  
ing into the  t e s t  s e c t i o n  was  of 0. 0 7 6 - c m  d i a m e t e r  and 1 . 2 6 - c m  leng th .  
The  s e c o n d  s t a g e  was  of 0. 1 2 7 - c m  d i a m e t e r  and 0. 7 0 4 - c m  l eng th  and 
was  s e p a r a t e d  f r o m  the  f i r s t  s t a g e  by 0. 318 c m .  A s c h e m a t i c  d r a w i n g  
of the  t w o - s t a g e  o r i f i c e  is shown in Fig .  7, and a p h o t o g r a p h  of the  o r -  
i f i ce  a t t a c h e d  to the  e l e c t r o n  b e a m  dr i f t  tube  and m o u n t e d  in the  T C T R  
is shown in Fig .  8. As can  be s een  in Fig .  8, the  end of the  d r i f t  tube  
was  w a t e r - c o o l e d .  

The  b a c k g r o u n d ,  o r  a m b i e n t ,  gas  d e n s i t y  into which  the  e l e c t r o n ,  
b e a m  was  i n j e c t e d  t y p i c a l l y  e x c e e d e d  1 x 1017/cc- .1 .  To m a i n t a i n  the 
p r e s s u r e  wi th in  the  e l e c t r o n  gun at a p p r o x i m a t e l y  10 -5 t o r r  o r  l e s s ,  
as  r e q u i r e d  f o r  s t ab l e  and l o n g - l i f e  o p e r a t i o n ,  the o r i f i c e  was  d i f f e r -  
e n t i a l l y  p u m p e d .  By r e f e r r i n g  to F i g s .  5 and 7, one  can  s e e  that  the 
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s e c o n d  s t a g e  of the o r i f i c e  was  c o n n e c t e d  by the d r i f t  tube  (as shown in 
F ig .  7) and  an e x t e r n a l  p u m p i n g  l i ne  to a 1 0 - c m  d i f fus ion  pump.  A 
s o l e n o i d - o p e r a t e d ,  5 - c m  gat'e v a l v e  was  u s e d  to i s o l a t e  th i s  pump f r o m  
the dr i f t  tube when  n e c e s s a r y .  The  f i r s t  s t a g e  of the  o r i f i c e  was  con-  
n e c t e d  by the tub ing  s u r r o u n d i n g  the  d r i f t  tube (as shown in F ig .  7) and 
an e x t e r n a l  p u m p i n g  l i ne  to a 7 .1  l i t e r / s e c  m e c h a n i c a l  pump.  

A p r e c i s e  m e a s u r e m e n t  of b e a m  c u r r e n t  was  c r i t i c a l  f o r  an a c c u -  
r a t e  d e n s i t y  m e a s u r e m e n t .  The  c o p p e r  c o l l e c t o r  cup u s e d  fo r  th i s  p u r -  
pose  and shown s c h e m a t i c a l l y  in Fig .  9 was  5 .7  c m  long and 3 .8  c m  in 
d i a m e t e r .  The  i n t e r i o r  was  c a r b o n - c o a t e d ,  and a d o u b l e - g r i d  s t r u c t u r e  
was  l o c a t e d  at the cup e n t r a n c e .  The  g r i d s  w e r e  c o m p r i s e d  of a p p r o x i -  
m a t e l y  0. 0 4 0 - c m  m e s h  m a d e  of about  0. 0 0 3 - c m - d i a m  b r a s s  w i r e  and 
s e p a r a t e d  by 0. 318 cm.  The  e n t r a n c e  d i a m e t e r  of both g r i d s  was  0.127 
c m .  The  i n t e r i o r ,  o r  f i r s t  g r id ,  was  n e g a t i v e l y  b i a s e d  at 25 to 30 vo l t s  
( s e e  F ig .  9) to p r e v e n t  s e c o n d a r y  e l e c t r o n s  e j e c t e d  f r o m  the  cup i n n e r  
wal l  f r o m  l e a v i n g  the  cup.  The  o u t e r  g r i d  and cup w e r e  e l e c t r i c a l l y  
c o n n e c t e d  and cou ld  be  p o s i t i v e l y  b i a s e d  ( s e e  F ig .  9). The  e n t i r e  co l -  
l e c t o r  cup was  w a t e r - c o o l e d  and m o u n t e d  on a s l i d ing  v a c u u m  f e e d -  
t h r o u g h  in o r d e r  to p e r m i t  a d j u s t m e n t  of the  v e r t i c a l  p o s i t i o n  of the  cup 
( s e e  F ig .  8). 

3.2 OPTICS AND ELECTRONICS 

The optical radiation produced as a result of electron beam excita- 
tion was gathered as shown in Fig. I0 by a double-convex glass lens 
25.4 cm in focal length and I0.2 cm in diameter and was focused onto 
the slit of the optical system, which was housed inside a I. 6-m-long 
aluminum box mounted on a table adjustable in both the horizontal and 
vertical planes. A complete schematic of the optical system is shown 
in Fig. II. The part of the electron beam fluorescence under observa- 
tion was located 50.8 cm from the collection lens, and the I:i image 
was therefore formed on the entrance slit 50.8 cm from the collection 
lens. The optical signal incident on the slit was chopped by a PAR ® 
l~Iodel 125 chopping wheel at 333 Hz. The slit was aligned with the long 
dimension (i0 ram) perpendicular to the beam and the short dimension 
(I ram) parallel to the beam. Light passing through the slit was gath- 
ered by a 7.6-cm-diam, 30.5-cm-focal-length plano-convex quartz lens 
located 30.5 cm from the entrance slit. An iris diaphragm located in 
front of this lens allowed the f-number of the housed optics system to 
be matched with the collection lens f-number. An identical quartz lens 
s e p a r a t e d  f r o m  the  f i r s t  by a n a r r o w  a i r  gap f o c u s e d  the g a t h e r e d  l ight  
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onto the  p h o t o c a t h o d e  of an RCA-7265 p h o t o m u l t i p l i e r  (PM) tube l o c a t e d  
30.5  c m  f r o m  the  l ens .  I m m e d i a t e l y  in f ron t  o f  the  p h o t o c a t h o d e  was 
l o c a t e d  a f i l t e r  whee l  a s s e m b l y  capab le  of ho ld ing  e ight  f i l t e r s .  One of 
the  p o s i t i o n s  was  f i l l ed  wi th  a p i e c e  of f r o s t e d  g l a s s  f o r  a l i g n m e n t  p u t -  

, poses ,  and the  o t h e r  s e v e n  p o s i t i o n s  w e r e  f i l l ed  wi th  f i l t e r s .  The  s p e c -  
t r a l  c h a r a c t e r i s t i c s  of t h e s e  f i l t e r s  a r e  shown in Fig .  12. F i v e  f i l t e r s  
w e r e  u s e d  fo r  n u m b e r  d e n s i t y  m e a s u r e m e n t s ,  and two f i l t e r s  w e r e  
s p e c t r a l l y  l o c a t e d  wi th  the  (0, 1) band of the  N~(1-)  s y s t e m  fo r  r o t a t i o n a l  
t e m p e r a t u r e  d e t e r m i n a t i o n .  The  f i l t e r  whee l  could  be r o t a t e d  into the  
d e s i r e d  p o s i t i o n  by an e x t e r n a l l y  c o n t r o l l e d  s t epp ing  m o t o r .  

P o w e r  to the  PM was supp l i ed  by a F l u k e  405B p o w e r  supply ,  and 
the  output  s igna l  of the  PM was p r o c e s s e d  by a PAR HR-8  l o c k - i n  a m -  
p l i f i e r  with the  r e f e r e n c e  s igna l  supp l i ed  by the  chopp ing  whee l  a s s e m -  
bly.  The  PM output was  fed  into a data  logg ing  s y s t e m  fo r  r e c o r d i n g  
on p a p e r  and " g r o c e r y "  tape ,  o r  was  fed into the  Y - a x i s  input of an X- 
Y p l o t t e r  fo r  ob ta in ing  r e l a t i v e  n u m b e r  d e n s i t y  p r o f i l e s .  The  data  log-  
g ing s y s t e m  a l so  r e c o r d e d  the  PM vo l tage ,  l o c k - i n  a m p l i f i e r  s ca l e ,  
b e a m  c u r r e n t ,  b e a m  vo l t age ,  and TCTR p a r a m e t e r s .  

In o r d e r  to m o r e  a c c u r a t e l y  m e a s u r e  the  e l e c t r o n  b e a m  f l u o r e s -  
c e n c e  of hydrogen ,  the  op t i ca l  s y s t e m  in the  a l u m i n u m  box was r e m o v -  
ed n e a r  the  end of the  t e s t  and r e p l a c e d  with a 3 / 4 - m  Spex ~ s p e c t r o -  
m e t e r .  A dove  p r i s m  was p l a c e d  in f ron t  of the  e n t r a n c e  s l i t  to aga in  
m a k e  the  long d i m e n s i o n  (20 ram) of the  s l i t  p e r p e n d i c u l a r  to the  e l e c -  
t r o n  b e a m  image .  The  s l i t s  w e r e  o p e n e d  to 200 ~m,  and the  w a v e -  
l eng th  was se t  on 4861 ~ (the H E l ine) .  An EMI-6256B PM tube was 
m o u n t e d  at the  exit  s l i t ,  and the  PM was m a i n t a i n e d  at 267°K by co ld  
g a s e o u s  n i t r o g e n .  The  PM s igna l  was  p r o c e s s e d  by an O r t e c ® p h o t o n  
coun t ing  s y s t e m  which  i nc luded  an a m p l i f i e r ,  d i s c r i m i n a t o r ,  and dual  
c o u n t e r - t i m e r .  

3.3 FLOW VISUALIZATION 

F o r  flow v i s u a l i z a t i o n  p h o t o g r a p h s ,  a c a m e r a  was  m o u n t e d  to ob-  
s e r v e  t h e  f low f i e ld  t h r o u g h  a 7 . 6 - c m - d i a m  qua r t z  window d i r e c t l y  a- 
c r o s s  f r o m  the  window t h r o u g h  which  s p e c t r a l  m e a s u r e m e n t s  w e r e  ob-  
t a ined .  S ince  the  e l e c t r o n  b e a m  was s t a t i o n a r y  and d i r e c t e d  d o w n w a r d  
f r o m  the  end of the  t w o - s t a g e  o r i f i c e ,  the  flow v i s u a l i z a t i o n  c a m e r a  
had to be m o v e d  s y n c h r o n o u s l y  wi th  the  n o z z l e  bank  in o r d e r  to ob ta in  
an axia l  p h o t o g r a p h  of the  flow f ie ld .  ^This  was  a c c o m p l i s h e d  by a t t ach -  
ing the  c a m e r a  suppor t  r i g i d l y  to the  ~ (axial)  n o z z l e  bank d r i v e  
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componen t ,  and t h e r e f o r e  the  c a m e r a  was  moved  s i m u l t a n e o u s l y  wi th  
the  n o z z l e  bank.  P h o t o g r a p h s  w e r e  ob t a ined  by m a k i n g  t i m e  e x p o s u r e s  
wh i l e  t r a v e r s i n g  a d i s t a n c e  which  was  u s u a l l y  about  5 cm.  R e q u i r e d  
e x p o s u r e s  f o r  o b t a i n i n g  qua l i t y  p h o t o g r a p h ~  w e r e  a c c o m p l i s h e d  by c a m -  
e r a  f - s t o p  a d j u s t m e n t s  and by  v a r y i n g  the  ' ~ -componen t  r a t e  of t ' ravet .  
B l a c k - a n d - w h i t e  p h o t o g r a p h s  w e r e  t a k e n  u s i n g  a r a t e  of t r a v e l  of 10 .6  
s e c / c m ,  a n d c o l o r  p h o t o g r a p h s  w e r e  t a k e n  u s i n g  a s l o w e r  r a t e  of 32 .3  
s e c / c m .  

The  c a m e r a  u s e d  was  a Super  Speed Graphic@ with  a 135 - r am 
G r a f l e x  Optar@ f / 4 . 7  l e n s  and a G r a p h e x -  W o l l e n s a k  @ s h u t t e r  a s s e m b l y .  

S o m e t i m e s  f i l t e r s  w e r e  u s e d  wi th  d a t a - p o i n t  p h o t o g r a p h s  to p r e -  
vent  the  p r e d o m i n a n t  r a d i a t i o n  of s o m e  m o l e c u l a r  s p e c i e s  exc i t ed  by 
the  e l e c t r o n  b e a m  f r o m  e x p o s i n g  the  f i lm .  C o r n i n g  s h a r p - c u t  3-70 and 
3-72 f i l t e r s  and a C o r n i n g  7-59 f i l t e r  w e r e  used ,  and the  t r a n s m i s s i o n  
c u r v e s  a r e  shown in F ig .  12. 

SECTION IV 
CALIBRATION PROCEDURES 

4.1 EXCITATION AND QUENCHING CROSS SECTIONS AND 
CROSS-TALK CALIBRATIONS 

R e f e r r i n g  to Eq. ( 6 b ) a n d  r e c a l l i n g  tha t  the  c o e f f i c i e n t s  ,-- , ( C s ~ '  S, ~ =  
l ,  2, and 3 con ta in  a c o m m o n  f a c t o r  which  is c h a r a c t e r i s t i c  of the  b e a m  
l eng th  o b s e r v e d  and so l id  ang le  sub t ended  by the  op t i c s  at the  e x c i t a t i o n  
point ,  it is  s een  tha t  the  se t  of c o e f f i c i e n t s  m a y  be  w r i t t e n  a s  

.'--~QL x T ' K s p  , s,/z = 1, 2, 3 ( 8 )  C~ = 41r 

w h e r e  Ks~ now c o n t a i n s  on ly  d e p e n d e n c i e s  upon w a v e l e n g t h ,  e x c i t a t i o n  
c r o s s  s e c t i o n s ,  and c a s c a d i n g  p r o c e s s e s .  The  m u l t i p l i c a t i v e  q u a n t i t y  
T ' ,  of c o u r s e ,  is  the  quan t i t y  which  e x h i b i t s  v a r i a t i o n  due to c h a n g e s  
in both the  P M  tube gain  and Af~/4~, the  g e o m e t r i c a l  so l id  ang le  sub-  
t ended  by the  d e t e c t o r ;  the  l a t t e r  s o u r c e  of v a r i a t i o n ,  tha t  c a u s e d  by 
s o l i d - a n g l e  c h a n g e s ,  is u s u a l l y  the  m o r e  s i g n i f i c a n t  of the  two, and 
o p t i c a l  r e a l i g n m e n t  is  r o u t i n e l y  r e q u i r e d  d u r i n g  da ta  a c q u i s i t i o n  a s  a 
r e s u l t  of i n a d v e r t e n t  c o l l i s i o n s  wi th  the  op t i c a l  a p p a r a t u s .  It is  now 
obvious  tha t  fo r  the  p u r p o s e  of c a l i b r a t i o n  it is. r e q u i r e d  on ly  to ob ta in  
l a b o r a t o r y  m e a s u r e m e n t s  of the  r a t i o s  of [Cs~ I ,  s = ~ = l ,  2, and 3, 

l0 
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us ing  the i n t ens i t y  of one  of the  .more p r o m i n e n t  l i n e s  fo r  n o r m a l i z a t i o n .  
Consequen t ly ,  the  i n - s i t u  c a l i b r a t i o n  is r e q u i r e d  to p r o v i d e  only  the 
va lue  of Aft, once  again  us ing  the r a d i a t i v e  t r a n s i t i o n  which  was u s e d  
fo r  n o r m a l i z a t i o n  of the  l a b o r a t o r y  data .  

It is to be r e c a l l e d  that  the subsc r ip t /~  = I, 2, and 3 r e f e r s  to H 2, 
He, and N2, r e s p e c t i v e l y ,  and that  W(1), W(2), and W ( 3 ) r e f e r  to the  
H 2 f i l t e r  (the H,q l ine  at 4861~) ,  the 5016-A l ine  f i l t e r  of He, and the  

1 +~" ( 0 , )  band of N 2 ( l - )  fo r  N 2, r e s p e c t i v e l y .  The  s i gna l s  W(4) and W(5), 
de f ined  and u s e d  in a fo l lowing  sec t ion ,  a r e  o m i t t e d  m e r e l y  fo r  b r e v i t y .  
W(S)la b and W(s) tes t  d e s i g n a t e  l a b o r a t o r y  and t e s t  c h a m b e r  m e a s u r e -  
m e n t s ,  r e s p e c t i v e l y .  Also,  fo r  d e t e r m i n i n g  the  r a t i o s  of the  c o e f f i c i e n t s  
Cs/~, the  5016-A l ine  He f i l t e r  with He gas,  C22, wil l  be u s e d  fo r  no r -  
m a l i z a t i o n .  T h e r e f o r e ,  the  se t  of r a t i o s  {Cs/~/C22~, s, /~ = l, 2, and 3 
m u s t  be  d e t e r m i n e d .  F o r  th i s  p u r p o s e ,  the  l a b o r a t o r y  a p p a r a t u s  de-  
s c r i b e d  in Ref. 6 was u s e d  to p r o v i d e  p u r e - g a s  s a m p l e s  of H2, He, and 
N 2. The  op t ica l  f i l t e r  s i g n a l s  w e r e  d e t e r m i n e d  as a func t ion  of the  den-  
s i ty  of the ind iv idua l  s p e c i e s ,  and Fig.  13 shows  a typ ica l  r e s u l t  fo r  the  
exc i t a t ion  of He as o b s e r v e d  by both He f i l t e r s .  Us ing  Eq. (6a) fo r  a 
s ing le  spec i e ,  it m a y  be s e e n  that  th i s  equa t ion  can be c o m b i n e d  with 
Eq. (9) to g ive  

. /W(S)la b = [ (4= : 'A l ] )  x ( I / T "  x ' l [  p .  " h,l, K.~#), , l  + t/n(s),..r (i)n ] ~p p # (9) 

Therefore, plotting the left-hand side of Eq. (9) versus n/~ yields not 
only Cs/~ = (A~/47r)la b . T" • Ks/~ from the intercept, but also k(~)(i) 
T/~(i) from the ratio of the slope and the intercept. Figure 12l shows 
a typical experimental result. Figure 15 shows the variation of filter 
signals W(1) and W(3) with He density and, of course, demonstrates 
the existence of H 2 and N 2 filter signals when observing only pure He, 
an optical cross-talk effect. Figure 16 shows the variation of all three 
d'esignated filter signals with H 2 density, and Fig. 17 shows the varia- 
tion of the He filter signal with N 2 density. Using such data and least- 
squares fitting to the functional form of Eq. (9), the set of ratios ICs / 
C22}, s, /~ = i, 2, and 3 was determined and is listed in Table If. "It-/~ 
sho61d be noted that the experimental uncertainty of the coefficients 
Cs/~ was less than approximately +5 percent in all cases. 

The p u r e - g a s  quench ing  r a t e s  k x x ( i )  -rx(i) w e r e  d e t e r m i n e d  at 

r o o m  t e m p e r a t u r e  in the m a n n e r  i nd i ca t ed  p r e v i o u s l y .  A c o m p l e t e  de-  
s c r i p t i o n  of the  e x p e r i m e n t a l  appa ra tu s ,  p r e c a u t i o n s ,  and data r e d u c -  
t ion is g iven  by L e w i s  and W i l l i a m s  (Ref. 6) fo r  the  s tudy of the  
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quench ing  of a t o m i c  h y d r o g e n  by H 2. Tab le  III l i s t s  the  quench ing  r a t e s  
e m p l o y e d  fo r  th i s  study, and t h o s e  q u e n c h i n g  r a t e s  which  have  not b e e n  
e x p e r i m e n t a l l y  d e t e r m i n e d  but have  been  e s t i m a t e d  b a s e d  on e i t h e r  p r e -  
l i m i n a r y  data  or ,  hopeful ly ,  e d u c a t e d  g u e s s e s ,  have  b e e n  deno ted .  

4.2 IN-SITU CALIBRATION 

Using  the  e l e c t r o n  b e a m  a p p a r a t u s  of the  TCTR as  d e s c r i b e d  in a 
p r e v i o u s  sec t ion ,  m e a s u r e m e n t s  w e r e  m a d e  of the v a r i a t i o n  of the  W(2) 
s igna l  with He dens i ty ,  and Fig.  18 shows  the r e s u l t .  Us ing  the  s a m e  
a n a l y s i s  p r o c e d u r e  as d e s c r i b e d  in the  p r e v i o u s  sec t ion ,  the  coe f f i c i en t  
C22 ( tes t )  was  d e t e r m i n e d .  T h e r e f o r e ,  u s i n g  the  equa l i ty  

Cs~(test)/C22(test) = Cs~([ab)/C22(lab) 

the  se t  of c o e f f i c i e n t s  {Cs~(test)}, s,/~ = 1, 2, and 3 was  g e n e r a t e d .  
Tab le  II l i s t s  the  r e s u l t s  fo r  th is  s e t o f  c o e f f i c i e n t s .  E x p e r i m e n t a l  un- 
c e r t a i n t y  of th i s  se t  of c o e f f i c i e n t s  is of the  s a m e  o r d e r  of m a g n i t u d e  
as  that  of the  se t  of c o e f f i c i e n t s  d e t e r m i n e d  in the  l a b o r a t o r y  m e a s u r e -  
m e n t s .  It shou ld  be no ted  that  l i n e a r i t y  of the photon  e m i s s i o n  r a t e  
Sx( i  j) fo r  each  s p e c i e  with e l e c t r o n  b e a m  c u r r e n t  was  v e r i f i e d  o v e r  t h e  
r a n g e  of d e n s i t i e s  o b s e r v e d  in the  l a b o r a t o r y  c a l i b r a t i o n .  

It was  o b s e r v e d  du r ing  the  i n - s i t u  c a l i b r a t i o n  that  the  n o z z l e  bank 
p o s i t i o n  could  e f f e c t i v e l y  c h a n g e  the  so l id  ang le  of the  o b s e r v a t i o n  
op t i c s  (AD).  I n v e s t i g a t i o n  showed  that  the  ~ - p o s i t i o n  of the  c o o l e d  noz-  
z le  bank had l i t t l e  e f fec t  on the  o b s e r v a t i o n  so l id  angle .  H o w e v e r ,  at 
s m a l l  v a l u e s  of 2, the  ~ - p o s i t i o n  d e f i n i t e l y  a f f ec t ed  the  o b s e r v a t i o n  
so l id  angle .  With the  t e s t  s e c t i o n  of the  TCTR c o n t a i n i n g  a few hun-  
d r e d  m i c r o n s  Hg of p u r e  h e l i u m ,  the  W(2) s igna l  was  m e a s u r e d  with 
the  n o z z l e  bank c l e a r  of the  f i e ld  of v iew.  As  the  n o z z l e  bank  was 
m o v e d  in the  R - d i r e c t i o n  s t e p - w i s e  c l o s e r  to the  e l e c t r o n  b e a m ,  ~ -  
ax i s  s c a n s  w e r e  m a d e ,  and the  W(2) s igna l  was  r e c o r d e d .  The  Q- 
p o s i t i o n  was se t  at the  z e r o  r e f e r e n c e .  In th i s  m a n n e r ,  c o r r e c t i o n  
f a c t o r s  to A~ without  n o z z l e  bank i n t e r f e r e n c e  w e r e  d e t e r m i n e d  fo r  
the  ~ - p o s i t i o n s  of the  n o z z l e  bank at v a r i o u s  R - l o c a t i o n s .  

12 
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SECTION V 
DATA ACQUISITION AND ANALYSIS 

5.1 DATA ACQUISITION PROCEDURES 

The  l oca t i on  of the  p i to t  p r o b e  wi th  r e s p e c t  to the  n o z z l e  bank  was  
d e t e r m i n e d  at the  b e g i n n i n g  of each  day of d a t a - t a k i n g .  The  a x i a l  l o c a -  
t ion  (S - loca t ion )  was  d e t e r m i n e d  by u s i n g  a t r a n s i t  t heodo l i t e  l o c a t e d  
o u t s i d e  the  T C T R  (see  F ig .  10) and f o c u s e d  on the  p i to t  p r o b e  t h r o u g h  
the f l o w - v i s u a l i z a t i o n  s ide  window. By  a r r a n g i n g  the l i ne  of s igh t  f r o m  
the  t h e o d o l i t e  to the  end of the  p i to t  p r o b e  p e r p e n d i c u l a r  to the  ~ - a x i s ,  
one could m o v e  the n o z z l e  bank  c l o s e  to the  p i to t  p r o b e  and r e c o r d  the  
~ - p o s i t i o n  of the  s c a n n e r  in o r d e r  to p r o v i d e  a r e f e r e n c e  R - l o c a t i o n .  
The  R - p o s i t i o n  could  be l o c a t e d  in th i s  m a n n e r  wi th in  about  ±0. 1 ram.  
The  v e r t i c a l  and h o r i z o n t a l  (9- and ~ - )  l o c a t i o n s  w e r e  d e t e r m i n e d  by  
m a k i n g  y -  and ~ - p i t o t - p r e s As u r e  p r o f i l e s  n e a r  the  exi t  of the  n o z z l e  bank,  
wi thout  H 2, and r e f e r e n c e  y -  a n d / ~ - l o c a t i o n s  w e r e  d e t e r m i n e d  by f low 
s y m m e t r y .  The  a c c u r a c y  in the  r e f e r e n c e  9-  and R - l o c a t i o n s  was  b e t t e r  
than  +0 .08  ram.  

The  e l e c t r o n  b e a m  was  then  i n j ec t ed  into the  flow, and the  R - l o c a t i o n  
of the  b e a m  was  d e t e r m i n e d  by the  'M-position of the  s c a n n e r  r e c o r d e d  
when the top edge of the  n o z z l e  bank  m o v e d  into the  b e a m  and d e c r e a s e d  
the  b e a m  c u r r e n t  to ha l f  va lue .  The  n o z z l e  bank  was  then  m o v e d  back ,  
and the  h o r i z o n t a l  c r o s s  h a i r  of the  t h e o d o l i t e  was  a d j u s t e d  to l i e  a long  
the ax i s  of the  p i to t  p robe ,  w h e r e a s  the  v e r t i c a l  c r o s s  h a i r  l a y  a long  
the e l e c t r o n  b e a m  f l u o r e s c e n c e .  A s l i gh t  a d j u s t m e n t  of the  t h e o d o l i t e  
f ocus  b rou gh t  the  e n t r a n c e  s l i t  of the  op t i c s  h o u s i n g  (or  s p e c t r o m e t e r )  
on the  oppos i t e  s ide  of the  T C T R  into focus .  The  v e r t i c a l  and h o r i z o n -  
t a l  p o s i t i o n s  of the  op t i c s  h o u s i n g  w e r e  then  a d j u s t e d  un t i l  the  c e n t e r  of 
the  s l i t  was  at the  i n t e r s e c t i o n  of the  c r o s s  h a i r s ,  wi th  the long  d i m e n -  
s ion  of the  s l i t  p a r a l l e l  to the  p i to t  p r o b e  (or  h o r i z o n t a l  c r o s s  ha i r ) .  
By  th i s  method ,  the  9 - p o s i t i o n  of the  o b s e r v e d  p o r t i o n  of the  e l e c t r o n  
b e a m  was  the s a m e  as  the  p i to t  p r o b e  ~ - p o s i t i o n .  The  h o r i z o n t a l  (/~) 
l o c a t i o n  of the  o b s e r v e d  p o r t i o n  of the  e l e c t r o n  b e a m  was  d e t e r m i n e d  
b y m a k i n g  r e l a t i v e  n u m b e r  d e n s i t y  p r o f i l e s  (PNI output  r e c o r d e d  on an  
X-Y p l o t t e r )  n e a r  the  exi t  of the  n o z z l e  bank,  wi thout  H 2, and by l o c a t -  
ing the  q - p o s i t i o n  by s y m m e t r y .  

After optical alignment was achieved, flow conditions were set, and 
number density data were taken at the desired positions in the flow field 
using the data logging system. At each position, the output of the PM 

13 



AEDC-TR-73-96 

w a s  r e c o r d e d  w i t h  e a c h  of t h e  s e v e n  f i l t e r s  in  t h e  f i l t e r  w h e e l  in f r o n t  
of  t h e  p h o t o c a t h o d e .  

For flow visualization data acquisiticfn, the nozzle bank was moved 
into the electron beam in such a way that the beam struck the top of the 
nozzle bank. The camera shutter was opened just before the tz'averse 
began, thereby photographing the flow as close as possible to the noz- 
zle exit. 

5.2 ITERATION PROCEDURE 

The data reduction process utilized filters i, 3, and 4 and the 
spectrometer H 2 data, designated as signal 5. Filter 2, the 5016-.~ 
He filter, was not used, for reasons to be explained in the following 
section. 

F o r  t he  u n k n o w n  s p e c i e  d i s t r i b u t i o n s  of  t h e  t e r n a r y  m i x t u r e ,  t h e  
a p p r o p r i a t e  e q u a t i o n  f o r  d e t e r m i n a t i o n  of t h e  d e n s i t y  i s ,  of c o u r s e ,  Eq.  
(6a),  w h i c h  can  be  w r i t t e n  a s  

3 
W(s) = Z C's~n ~ , s = 1,3.4 (10) 

w h e r e  

/I (11) 

Defining the quantities x and z to be nl/n 2 and n3/n4, respectively, 
one can write the set of equations (10) as 

W(4) = C'42n211 + (C'41/C'42)x + (C'43/C'42)z] (12) 

and 

R41 = W(4)/W(1) = [C~41x+C'42+C'43z]/[C'llX+C'12+C'13 z] (13) 

Ha4 = W(3)/W(4) = [C'zlx + C'z2 + C'33z]/[C'4;x + C'42 + C'4az ] (14) 

14 
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The primary advantage to b e  gained by ratioing filter signals and 
obtaining density ratios x and z is the minimizing of the effects of 
quenching of hydrogen and helium cross-talk on the H 2 density deter- 
mination. After investigation of several approaches for solution of the 
three nonlinear equations in three unknowns, the following procedure 
was adopted. 

Using the excitation and quenching coefficients listed in Tables II 
and Ill, respectively, a computer calculation was performed of filter 
output signals for the following ranges of number c~ensity: 

1013 _< n 2 _< 3 x 1017 atoms/cc 

0.0 < x < 20.0 

0.0 _< z < 10.0 

The results of the calculation provide information regarding the 
sensitivity of the measurement over the density domain of interest, in- 
dicate the effects of cross-talk, and provide aid in selecting the method 
of solution of the set of equations. Figure 19 shows the calculated var- 
iation of W(4) with both helium density and x, the ratio of hydrogen-to- 
helium density. The variation of W(4) with z, the ratio of nitrogen-to- 
helium density, was found to be negligible, and z = 0. 10 was chosen for 
the calculation of Fig. 19. Figure 20 shows the variation of R41 with 
x, with n 2 as a parameter. The ratio R41 was found to be relatively in- 
sensitive to an order-of-magnitude variation in z. However, the sensi- 
tivity of R41 to He density is severe, and, as a result, relatively accu- 
rate values'of n 2 must be used in the final determination of x from R41. 
Figure 21 shows the relative constancy of R41 versus n 2 for He density 
less than approximately 1016 atoms/cc and for x ~0.10. In addition, 
the ratio R34 was found to be relatively insensitive to the magnitude of 
x for helium density values less than 5 x 1016 cc -1, as Fig. 22 shows. 

The method of solution of Eqs. (12) through (14) was selected to be 
successive iterations, and the results mentioned in the preceding para- 
graph indicated the general solution to follow the procedure of determi- 
nation of n 2, then z, and finally, x. However, because of cross-talk 
effects, it is necessary to determine whether the N2 and He signals, 
W(3) and W(4), respectively, are caused primarily by a large H 2 con- 
centration at the point in the flow field being measured. If all filter 
signals are caused predominantly by H 2, then the procedure of solution 
should begin with W(1) rather than with an attempt to measure n I by 
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using a cross-talk signal W(4). The actual value of x at which H 2 be- 
comes predominant was determined by consideration of the equation 

W(1) = C'llnl[l+(C"12/C'll) x (l/x) + (C'Is/C'II) x (z/x)] (15) 

Equa t ion  (15) was  u s e d  to show that.  fo r  z = 0. 10, if x k 1 5 ,  the  H 2 s ig -  
nal  b e c o m e s  the  m o s t  i m p o r t a n t ,  which  d e f i n e s  the  va lue  of x at which  
the  p r o c e d u r e  of so lu t ion  was  a l t e r e d .  If x as  p r o v i d e d  by R41 is found 
to be g r e a t e r  than 15, the  p r o c e d u r e  of so lu t ion  r e q u i r e s  d e t e r m i n a t i o n  
of n 1, fo l lowed  by d e t e r m i n a t i o n  of x, and f inal ly ,  z. 

R e f e r r i n g  to Eqs.  (11) and (12), one  r e c a l l s  that  the  d e n s i t y -  
d e p e n d e n c e  of the  r e s u l t s  is a t t r i b u t a b l e  not only  to the  exp l i c i t  d epend -  
e n c e  of Eq. (12) on n2, x, and z0 but a l so  to the  e f f ec t s  of quench ing ,  
as  Eq. (11) shows .  The  i t e r a t i v e  m e t h o d  by which  the  quench ing  c o r -  
r e c t i o n s  to the  c o e f f i c i e n t s  ~C~} was a c h i e v e d  is shown in Fig .  23 by 
m e a n s  of the  f low c h a r t  de t~ i l in~  the  c o m p u t e r - c a l c u l a t e d  i t e r a t i v e  
s c h e m e .  F r o m  Fig .  23, it may  be s e e n  that  the  f i r s t  i t e r a t i o n  p r o -  
c e e d s  by ob ta in ing  an e s t i m a t e  of x f r o m  R41, a s s u m i n g  z = 0.10,  and 
u s i n g  the  l o w - d e n s i t y  He c u r v e  of Fig .  20. With th i s  va lue  of x, z is 
then~ca lcu la ted ,  and t h e s e  v a l u e s  of x and z a r e  u s e d  fo r  a d e t e r m i n a -  
t ion of n 2 if x ~ 15. At th i s  point ,  q u e n c h i n g  c o r r e c t i o n s  a r e  app l i ed  
to a l l  c r o s s - t a l k  t e r m s  and z is aga in  d e t e r m i n e d ,  y i e l d i n g  a va lue  of 
n 3. The  c r o s s - t a l k  t e r m s  a r e  aga in  c o r r e c t e d ,  and x is c a l c u l a t e d  
u s i n g  R41, g iv ing  n 1. The  c r o s s - t a l k  t e r m s ,  as  we l l  as  C~2, C~I,  and 
C§3, a r e  c o r r e c t e d  fo r  quench ing ,  and the  fo l lowing  i t e r a t i o n s  p r o c e e d  
in l i ke  m a n n e r .  If x > 15, Eq. (15) is u s e d  to g ive  n l ;  R41, to g ive  n2; 
and R43, to g ive  n 3. The  c r o s s - t a l k  t e r m s  a r e  a d j u s t e d  fo r  q u e n c h i n g  
as jus t  d e s c r i b e d ,  fo l lowing  each  d e n s i t y  d e t e r m i n a t i o n .  The  c o e f f i c i e n t s  
C~I,  C§3, and C~2 a r e  a d j u s t e d  fo l lowing  d e t e r m i n a t i o n  of the  t r i a d  
(n 1. n 2, and n3). T h e r e f o r e ,  the  p r o c e d u r e  m a y  be s u m m a r i z e d  by 
s t a t i ng  that  the  c r o s s - t a l k  c o e f f i c i e n t s  a r e  m a i n t a i n e d  c u r r e n t  in den-  
s i ty  e s t i m a t e s  as the  i t e r a t i o n  p r o c e e d s ,  and the  m a i n  f i l t e r  c o e f f i c i e n t s ,  
C~I, C~2, and C§3 a r e  one s tep  beh ind  in the  s e n s e  that  the  i th i t e r a t i o n  
f o r  d e n s i t y  e m p l o y s  the  ( i -1)  th v a l u e s  of d e n s i t y  f o r  q u e n c h i n g  a d j u s t -  
m e n t s  in C~I,  C~2. and C§3. 

E m p l o y i n g  th i s  i t e r a t i o n  s c h e m e ,  the  i t e r a t e d  d e n s i t y  v a l u e s  a r e  
c o m p a r e d  with ac tua l  d e n s i t y  v a l u e s  fo r  which  the  " t h e o r e t i c a l "  c a l c u -  
l a t i ons  w e r e  p e r f o r m e d .  F i g u r e  24 shows  the  d e p e n d e n c e  on n2 of the  
s e c o n d  i t e r a t i o n  of z, z(2). It is s e e n  that  z(2) is n e v e r  m o r e  than  t en  
p e r c e n t  l a r g e r  than z f o r  n 2 <~ 5 x 1016 a t o m s / c c  and 0 .01 ~ x ~ 1.0.  
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C o n s e q u e n t l y ,  the  i t e r a t i o n  p r o c e d u r e  is c o n s i d e r e d  s a t i s f a c t o r y  fo r  z, 
ne t  only  b e c a u s e  it d i f f e r s  by ten p e r c e n t  o r  l e s s  o v e r  the  0 to 1 t o r r  
r e g i o n  at r o o m  t e m p e r a t u r e ,  but a l so  b e c a u s e  i ts  d i f f e r e n c e  f r o m  the  
t h e o r e t i c a l  va lue  is r e g u l a r  and, t h e r e f o r e ,  c apab l e  of g r a p h i c a l  c o r -  
r e c t i o n .  F i g u r e  25 shows  the  v a r i a t i o n  of x(2), the  s e c o n d  i t e r a t i o n  of 
x, with x, a s s u m i n g  z = 0. 10, fo r  v a r i o u s  v a l u e s  of n2. It is s e e n  that  
at the  h i g h e r  v a l u e s  of He dens i ty ,  x(2) d e v i a t e s  s i g n i f i c a n t l y  f r o m  x. 
F i g u r e  .26 shows  the  s e c o n d  i t e r a t i o n  of He d e n s i t y  as a func t ion  of n2 
f o r x =  0 .10  and 10.0,  a s s u m i n g z  = 0 .10 .  

As described in a previous section, detection of the HI3 line of H 2 
was also performed using a spectrometer, rather than a broad bandpass 
filter, and photon-counting electronics. The spectrometer, output sig- 
nal, after being normalized by the electron beam current, can be writ- 
ten as 

3 
l(5) = Z C'5~n ~ (16) 

'where C~ is defined by Eq. (11). The coefficients C51 and C52 obtained 
by an in-situ calibration are listed in Table II. It is seen that the cross- 
talk effect has been reduced by approximately a factor of four by using 
spectrometric rather than filter detection. Figure 27 shows the varia- 
tion of W(5) with x for various values of He density. 

One now has  f i l t e r  s i gna l s  fo r  He and N 2 d e n s i t i e s ,  a s p e c t r o m e t e r  
s igna l  W(5) fo r  H 2 dens i ty ,  and a f i l t e r  s igna l  W(1) fo r  H 2 d e n s i t y  which  
is of l e s s e r  r e l i a b i l i t y  than  W(5). Two i t e r a t i o n  p r o c e d u r e s  w e r e  e m -  
p l o y e d  to obta in  v a l u e s  of H 2 d e n s i t y  u s i n g  p r i m a r i l y  W(5) and v a l u e s  
of He and N 2 d e n s i t y  u s i n g  p r i m a r i l y  W(4) and W(3), r e s p e c t i v e l y .  

The first procedure of solution is as Collows: From Eqs. (11) and 
(16), it may be seen that the set of density values (nl, n 2, and n 3) is 
required for both cross-talk and quenching corrections. The values of 
nl, n 2, and n 3 provided by the filter outputs and denoted by (n~, n~, 
and n%) were used in the cross-talk term C~2 n~, and n~. and n" 3 were 
used in the quenching term of the denominator of C~l. The value of 
H 2 density n~' then obtained from W(5) can be written as 

" = g(l+ h ) i ( C  - n 1 51 l lxK (17) 
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w h e r e  

and  

g = W(5) -C's2 x 

~(5) n 

R e s u l t s  of the  c o m p u t a t i o n a l  p r o c e d u r e  i n d i c a t e d  that  n i ' e x h i b i t e d  
e x c e s s i v e l y  l a r g e  s e n s i t i v i t y  to the  i t e r a t e d  va lue  of He d e n s i t y  n~; 
t h e r e f o r e ,  th i s  p r o c e d u r e  was  d i s c a r d e d  in f a v o r  of the  p r o c e d u r e  
which  is d e s c r i b e d  in the  fo l lowing  p a r a g r a p h s .  

The  r a t io  R54 of s i g n a l s  W(5) and W(4) was  f o r m e d  and is de f i ned  
by 

3 p/~ C'4pnp R54 = ~. C" ~=, 5#n I (18) 

and Fig .  28 shows  the v a r i a t i o n  of R54 with H 2 r a t i o  p a r a m e t e r ,  x, f o r  
v a r i o u s  v a l u e s  of He dens i ty .  It m a y  be s e e n  f r o m  Fig .  28 that  the  
s e n s i t i v i t y  of the  d e t e r m i n a t i o n  of x us ing  R54 d e c r e a s e s  wi th  i n c r e a s e  
in He dens i ty ,  an ef fec t  wh ich  is a t t r i b u t a b l e  to both  c r o s s - t a l k  and 
q u e n c h i n g  e f fec t s .  Def in ing  x " a s  the  H 2 r a t i o  p a r a m e t e r  o b t a i n e d  f r o m  
Eq. (18) and Fig.  20, it is s e e n  that  

x" = [B54(C'42 + C'4sz ) - C'52 - C'53z~/[C'51- B54C'41] (19) 

Using  the  c o m p u t e r - c a l c u l a t e d  v a l u e s  of R41, R34, and W(4), t he  
v a l u e s  of n u m b e r  d e n s i t y  (n~, n~., and n~) w e r e  ob t a ined  by the  p r e -  
v i o u s l y  d e s c r i b e d  i t e r a t i o n  p r o c e s s .  T h e s e  v a l u e s  of n u m b e r  d e n s i t y  
w e r e  then  e m p l o y e d  fo r  the  q u e n c h i n g  c o r r e c t i o n s  to Eq. (19) and, u s i n g  
the  t h e o r e t i c a l  va lue  of R54, x '"  was  d e t e r m i n e d .  F i g u r e  29 shows  the  
v a r i a t i o n  of x'" with the  ac tua l  va lue  of x fo r  v a r i o u s  v a l u e s  of n 2. It is 
s e e n  that  the  discrepa_nc,y b e t w e e n  x'" and x is a m o n o t o n i c  func t ion  of x 
so long  as n2 ~ 1 x 101~ a t o m s / c c .  F o r  l a r g e r  v a l u e s  of n 2, e a c h . d a t a  
point  m u s t  be  c o n s i d e r e d  on an ind iv idua l  b a s i s  f o r  d e t e r m i n a t i o n  of x. 
F i g u r e  30 shows  the  func t iona l  b e h a v i o r  of x;'(2-) wi th  r e s p e c t  to n 2 f o r  
v a r i o u s  v a l u e s  of x, and the  c o r r e c t i o n - f r e e  r e g i m e  of x(2) v e r s u s  n 2 
is ind ica ted .  
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5.3 ANALYSIS OF TEST DATA 

F o r  the f low f i e ld  i n v e s t i g a t e d ,  the  d e s c r i p t i o n  and r e s u l t s  of which  
a r e  p r e s e n t e d  in Ref. 5, the  s p a t i a l  p r o f i l e s  of the  p o s i t i o n - d e p e n d e n t  
s p e c i e  d e n s i t y  n ~ )  w e r e  d e t e r m i n e d  u s i n g  the  a p p a r a t u s  and the  ac-  
q u i s i t i o n  and data  r e d u c t i o n  t e c h n i q u e s  d e s c r i b e d  in p r e v i o u s  s e c t i o n s .  
As  was  p r e v i o u s l y  m e n t i o n e d ,  both f i l t e r  and s p e c t r o m e t e r  da ta  w e r e  
ob t a ined  for  the  m e a s u r e m e n t  of H 2 dens i t y ,  and a s e p a r a t e  t e s t  e n t r y  
was  m a d e  to ob ta in  the  s p e c t r o m e t r i c  da ta  of n 1. S ince  the  s p a t i a l  lo-  
c a t i o n s  at which  the f i l t e r  and s p e c t r o m e t e r  da ta  w e r e  a c q u i r e d  w e r e  
not e x a c t l y  co inc iden t ,  it was  n e c e s s a r y  to e m p l o y  a s p a t i a l  i n t e r p o l a -  
t ion  t e c h n i q u e  to r e d u c e  the s p e c t r o m e t e r  da ta .  T h i s  was  r e q u i r e d  be -  
c a u s e  both the s p e c t r a l  c r o s s - t a l k  and the  q u e n c h i n g . c o r r e c t i o n  t e r m s  
a r e  p r e s e n t  in the  W(5) equat ion .  T h e r e f o r e ,  if {£PI~ t, i = 1, 2 . . . .  N, 
r e p r e s e n t s  the  N spatial,__ / l oca t ions  wi th in  a p r o f i l e  of f i l t e r  da ta ,  a s  de-  
f ined  by F ig .  1, and ti~2j[, j = 1, 2 . . . .  N, the  N s p a t i a l  l o c a t i o n s  of 
s p e c t r o m e t e r  H 2 da ta  w. th in  the s a m e  p ro f i l e ,  it is  s e e n  tha t  the  v a l u e s  
n~(~2j) a r e  r e q u i r e d  to r e d u c e  the  s p e c t r o m e t e r  data .  Howeve r ,  on ly  
n l ~ 2 j ) ,  j = 1, 2 . . . .  N, ex i s t .  T h e r e f o r e ,  it was  n e c e s s a r y  to i n t e r -  
po l a t e  the  f i l t e r  n u m b e r  d e n s i t y  da ta  np(~ l i ) ,  i = 1, 2, . . .  N, to ob ta in  

. 

the  v a l u e s  at the  p o s i t i o n s  r2 j  j = 1, 2 . . . .  N. F o r  th i s  p u r p o s e ,  the  

r e s u l t s  w e r e  s e l e c t e d  so tha t  1i21i1<1~2~1<1~1i+11, and, a d d i t i o n a l l y ,  f o r  
a l l  c a s e s  Ii~li+l - ~ l i l > > l  i~2i L ~ l i l ,  t ~ e r e b y  m i n i m i z i n g  i n t e r p o l a t i o n  
e r r o r .  It was  a s s u m e d  tha t  ~he v a l u e s  np(i~li) and n p ( ~ l i + l )  w e r e  ac -  
c u r a t e l y  c o n n e c t e d  by a l i n e a r  r e l a t i o n s h i p  to a l low p r e d i c t i o n  of np(~} 
at  any  pos i t i on  be tween  ~ l i  and i~l i+l .  Hav ing  a c c o m p l i s h e d  th i s ,  one 
has  v a l u e s  of n ~ ( r l j )  wh ich  a r e  u s e d  in Eq. (19) f o r  a d e t e r m i n a t i o n  of 
n l ( r 2 j ) ,  the  s p e c t r o m e t e r  r e s u l t .  

The  in i t i a l  r e d u c t i o n  of the  da ta  u s e d  the  5 0 1 6 - ~  He f i l t e r  in p l a c e  
of the  4922-A s igna l .  Al l  p r e v i o u s l y  p r e s e n t e d  equa t ions  and f i g u r e s  
invo lv ing  f i l t e r  4, the  4922-A f i l t e r ,  had c o r r e s p o n d i n g  e q u a t i o n s  and 
f i g u r e s  u s i n g  f i l t e r  2. The  i t e r a t i o n  p r o c e d u r e  u s e d  wi th  W(2) r a t h e r  
t han  W(4) was  i d e n t i c a l  to tha t  j u s t  p r e s e n t e d .  The  n 2 r e s u l t s ,  how- 
eve r ,  showed an e x c e s s i v e l y  l a r g e  va lue  of h e l i u m  d e n s i t y  wi th  the  ob- 
v ious  d i s c r e p a n c y  w o r s e n i n g  in r e g i o n s  w h e r e  the  He d e n s i t y  would be  
expec t ed  to be  l a r g e s t .  M o r e o v e r ,  the  e x p e r i m e n t a l  v a l u e s  of W(2) in 
s o m e  r e g i o n s  of the  f low f i e ld  w e r e  l a r g e r  than  the  t h e o r e t i c a l  m a x i -  
m u m  va lue  of n 2 which  was  p r e d i c t e d  by Eq. ( i0 )  wi th  s = 2. F i g u r e  
31 shows  a t y p i c a l  e x p e r i m e n t a l  r e s u l t  of the  a c q u i r e d  f i l t e r  s i g n a l s  
W(1), W(2), W(4), and W(5) fo r  P r o f i l e  3 at x / d  = i .  0 fo r  T e s t  Condi-  
t ion  6c, as  de f ined  in Ref.  5. The  t h e o r e t i c a l  m a x i m u m  fo r  W(2) is  on 
the o r d e r  of 40 output  un i t s ,  and ye t  W(2) e x c e e d s  I00 output  un i t s  at 
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y = - 0 . 5  cm.  The  W(4) s igna l  fo l lows  qui te  c l o s e l y  the  qua l i t a t i ve  be -  
h a v i o r  of W(2) and is l e s s  than i ts  m a x i m u m  va lue .  Th i s  l a t t e r  o b s e r -  
va t ion  e l i m i n a t e s  the  p o s s i b i l i t y  of a b e a m  c u r r e n t  a v a l a n c h e  p h e n o m -  
enon as be ing  the  s o u r c e  of the  d i s c r e p a n c y .  The  p o s s i b i l i t y  of ca l i -  
b r a t i o n  e r r o r  is e l i m i n a t e d  s i n c e  the  n2 v a l u e s  d e r i v e d  f r o m  W(2) and 
W(4) a g r e e  in the  l o w - d e n s i t y  r e g i o n s  of the  flow f ie ld .  A t h i r d  pos -  
s i b l e  c a u s e  of the a n o m a l o u s  b e h a v i o r  is the  e x i s t e n c e  of c o n t a m i n a n t  
r ad i a t i on ,  o r  e x c e s s i v e  c r o s s - t a l k .  The  He 5016-/~ f i l t e r  c a l i b r a t i o n  
data fo r  N 2 and H 2 d e n s i t y  v a r i a t i o n s  did not exhib i t  a n o m a l o u s l y  l a r g e  
c r o s s - t a l k  e f fec t s ,  but it shou ld  be  no ted  that  the  c a l i b r a t i o n  data  w e r e  
a c q u i r e d  fo r  gas  n u m b e r  d e n s i t y  v a l u e s  l e s s  than 6 x 1016 a t o m s / c c ,  
which  is equ iva l en t  to 2 t o r t  at 300°K. C o n s e q u e n t l y ,  data  a c q u i r e d  
when n 2 ~ 1 x 1017 a t o m s / c c  m a y  wel l  show d i s c r e p a n c i e s  not p r e d i c t e d .  
L i k e l y  s o u r c e s  of such  c r o s s - t a l k  e f f ec t s  a r e  the  a t o m i c  n i t r o g e n  ion 
l i n e s  at 5045.1 ,  5025.7 ,  and 5016 .4  /~, al l  wi th in  the  5016-/~ f i l t e r  p a s s -  
band.  B e c a u s e  of t h e s e  r e s u l t s ,  al l  f l o w - f i e l d  data  w e r e  a n a l y z e d  u s i n g  
the  s igna l  W(4). 

. F i g u r e  32 shows  the  r e s u l t s  of the  d e n s i t y  d i s t r i b u t i o n s  fo r  P r o f i l e  
3, ~ / d  = 0. 13, and Fig .  33, ~ / d  = I. 0, u s i n g  the  m e t h o d  of data  r e d u c -  
t ion jus t  ou t l ined .  T h e s e  r e s u l t s  show the  e x t r e m e l y  high va lue  of gas  
d e n s i t y  o b t a i n e d  fo r  th is  f l o w - f i e l d  p ro f i l e ,  and the  r e g i o n s  of H 2 flow 
a r e  a l so  c l e a r l y  seen .  The  c o m p l e x  axial  and r a d i a l  d e n s i t y  d i s t r i b u -  
t ions  a r e  p r e s e n t e d  in Ref. 5. An add i t i ona l  p a r a m e t e r  of i n t e r e s t  fo r  
t h e s e  s t u d i e s  of a c h e m i c a l  l a s e r  n o z z l e  a r r a y  is the  ra t io ,  y, of nl(-{) 
and the  s u m  of n2(r~ and n3(~). Th i s  ra t io ,  y, is a m e a s u r e  of the  gas -  
m i x i n g  and n o z z l e  i n t e r a c t i o n  e f f ec t s  b e t w e e n  the  flow f i e ld  c o m p o s e d  
s o l e l y  of H 2 and the  b i n a r y  m i x t u r e  f low f i e ld  of He and N 2. It m a y  be 
s e e n  that  

y(~') = x(~')/[t + z(~')] ( 2 0 )  

where the position dependencies of x, y, and z are parenthetically de- 
noted by i ~. The experimental values of y(~) corresponding to the data 
of Fig. 24 are shown in Fig. 34. 

5.4 ERROR ESTIMATES 

The c o n f i d e n c e  l e v e l  of t h e s e  e x p e r i m e n t a l  r e s u l t s  is a c o m p l i c a t e d  
func t ion  of the  t e s t  p a r a m e t e r s  and s p e c i e  n u m b e r  d e n s i t y  v a l u e s  of the  
f low f ie ld .  C o n s e q u e n t l y ,  only  a qua l i t a t i ve  d i s c u s s i o n  of s o u r c e s  of 
e r r o r  is p o s s i b l e .  
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The  p r e c i s i o n  of the  n u m b e r  d e n s i t y  da ta  is  due both  to the  r e p e a t -  
a b i l i t y  of the  s p e c t r o m e t r i c  s i g n a l s  and the  s e n s i t i v i t y  of the  m e a s u r e -  
men t .  The  f i l t e r  and s p e c t r o m e t e r  s i g n a l s  W(s),  s = 1, 2, 3, 4, and 
5, w e r e  ob t a ined  at l e a s t  t w i c e  at each  s p a t i a l  loca t ion ,  and t h e s e  da ta  
w e r e  t y p i c a l l y  r e p r o d u c i b l e  to wi th in  + 5 - p e r c e n t  dev ia t ion  f r o m  the  
mean .  F o r  the  l o w - d e n s i t y  p o r t i o n s  of the  f low f ie ld ,  t h i s  i m p l i e s  a 
+ 5 - p e r c e n t  i m p r e c i s i o n  of the  r e s u l t i n g  d e n s i t y  data .  H o w e v e r ,  as  F ig .  
19 c l e a r l y  shows ,  th i s  s a m e  v a l u e  of i m p r e c i s i o n  y i e l d s  e v e r - i n c r e a s i n g  
v a l u e s  of i m p r e c i s i o n  in the  d e n s i t y  v a l u e s  as  the  s p e c i e  d e n s i t i e s  in- 
c r e a s e .  C o n s e q u e n t l y ,  one  m u s t  conc lude  tha t  the  d e n s i t y  da ta  a r e  im-  
p r e c i s e  by a p p r o x i m a t e l y  +10 p e r c e n t  o v e r  the  r e g i m e  of a p p l i c a b i l i t y  
of the  t echn ique .  

V a l u e s  of a c c u r a c y  to be a s s i g n e d  to the  da ta  a r e  m o r e  d i f f i cu l t  to 
d e t e r m i n e .  It is  f e l t  tha t  the  m a j o r  s o u r c e  of i n a c c u r a c y  of the  r e s u l t -  
ing s p e c i e  d e n s i t y  v a l u e s  is  a r e s u l t  of bo th  the  i m p r e c i s i o n  of the  
quench ing  c o n s t a n t s ,  which  is  t y p i c a l l y  +15 p e r c e n t  fo r  the  m o s t  s i gn i f -  
i can t  r a t e  p r o c e s s e s ,  and the i n a c c u r a c y  of the  quench ing  c o n s t a n t s  r e -  
s u l t i n g  f r o m  a n e g l e c t  of t h e i r  t e m p e r a t u r e  dependence .  C o n c e r n i n g  the  
t e m p e r a t u r e  d e p e n d e n c e  of the  r a t e  c o n s t a n t s ,  it shou ld  be no ted  tha t  the  
a s s u m p t i o n  of h a r d - s p h e r e  b i n a r y  c o l l i s i o n  p r o c e s s e s  y i e l d s  a ~ de-  
p e n d e n c e  fo r  the  r a t e  cons t an t  and i n d i c a t e s  tha t  as  the  e x p a n s i o n  p r o -  
c eeds ,  p r o d u c i n g  l o w e r  gas  t e m p e r a t u r e s  and d e n s i t i e s ,  the  e f f e c t s  of 
quench ing  b e c o m e  l e s s  i m p o r t a n t .  Howeve r ,  no ev idence  to suppor t  a 
h a r d - s p h e r e  h y p o t h e s i s  e x i s t s ,  and fo r  s o m e  s p e c i e s ,  such  as  N~, con-  
t r a r y  ev id ence  e x i s t s .  S ince  the quench ing  c o r r e c t i o n  at h igh  d e n s i t y  
v a l u e s  was  g r e a t e r  than  100 p e r c e n t ,  the  o v e r a l l  u n c e r t a i n t y  of the  r e -  
s u l t s  fo r  t h e s e  r e g i o n s  is  p e r h a p s  no l e s s  than  a p p r o x i m a t e l y  + 2 5 p e r -  
cent .  F o r  f l o w - f i e l d  r e g i o n s  of l e s s  than  a p p r o x i m a t e l y  101B cc -  1, to- 
t a l  d e n s i t y  u n c e r t a i n t y  v a l u e s  of a p p r o x i m a t e l y  +15-20 p e r c e n t  m a y  be 
r e a l i s t i c .  Add i t i ona l ly ,  it shou ld  be no ted  tha t  v a l u e s  of the  m i x i n g  
r a t i o  y m a y  be of l o w e r  u n c e r t a i n t y  than  the  j u s t - q u o t e d  v a l u e s  as  a r e -  
su l t  of m i n i m i z i n g  quench ing  c o r r e c t i o n s  by the s i g n a l - r a t i o i n g  p r o c e d u r e .  

5.5 ROTATIONAL TEMPERATURE MEASUREMENTS 

As is described in Section 3.2, two filters, spectrally located with- 
in the (0, I) band of the N~(l-) system, were used to obtain data in an 
attempt to determine the rotational temperature of N 2. Restrictions 
placed upon data acquisition time precluded performing measurements 
of the s p+ectrally resolved rotational structure of the vibrational bands 
of the N2(l-) system. The filters used (maximum transmission at 
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4258 /~ and 4278/~,  8-/~ ha l f -w id th )  in p r i n c i p l e  p r o v i d e d  s i g n a l s  which  
when r a t i o e d  y i e l d e d  the r o t a t i o n a l  t e m p e r a t u r e  of N 2. T h e s e  data  w e r e  
a c q u i r e d  fo r  the e n t i r e  f low f ie ld  s tudied .  H o w e v e r ,  c a l i b r a t i o n  of the  
f i l t e r  r a t io  s i g n a l s  r e q u i r e d  not only  m e a s u r e m e n t s  of N2 o v e r  wide  
t e m p e r a t u r e  and d e n s i t y  r a n g e s  but a l so  c a l i b r a t i o n  fo r  q u e n c h i n g  ef-  
f e c t s  due to both He and H 2. Unfo r tuna te ly ,  t i m e  was not a v a i l a b l e  to 
c o m p l e t e  t h e s e  c a l i b r a t i o n s ,  but the  raw e x p e r i m e n t a l  data  a r e  ava i l -  
ab le  fo r  r e d u c t i o n  at a l a t e r  t i m e  if i n t e r e s t  w a r r a n t s  such  an ef for t .  

SECTION Vl 
SUMMARY AND CONCLUSIONS 

The r e s u l t s  shown in F igs .  31-34 and in Ref. 5 d e m o n s t r a t e  the  
app l i cab i l i t y  of the  e l e c t r o n  b e a m  f l u o r e s c e n c e  t e c h n i q u e  to d i a g n o s t i c s  
of a t e r n a r y  gas  m i x t u r e  of r e l a t i v e l y  high d e n s i t i e s .  The  p r e c e d i n g  
d i s c u s s i o n  and f i g u r e s  c l e a r l y  ind ica t e  the  l i m i t  of a p p l i c a b i l i t y  fo r  the  
flow f i e ld  i n v e s t i g a t e d .  Usefu l  data  w e r e  ob t a ined  at to ta l  d e n s i t y  v a l u e s  
e x c e e d i n g  1 x 1017 cc -1 ,  c o r r e s p o n d i n g  to 3 t o r r  at 300°K. B e c a u s e  of 
the s m a l l  p h y s i c a l  s i ze  of the  flow f ie ld ,  b e a m - s p r e a d i n g  was not s e v e r e ,  
and the spa t i a l  r e s o l u t i o n  was adequa te .  

The  a p p a r e n t l y  e x c e s s i v e  v a l u e s  of z m e a s u r e d  in the  flow c o r e s  of 
the  N2 /He  flow f i e ld  m a y  p o s s i b l y  be e x p l a i n e d  fo r  the h i g h - d e n s i t y  p o r -  
t ions  of the  f ie ld  as c a u s e d  by c o l l i s i o n a l  e n e r g y  t r a n s f e r  to N 2 f r o m  
m e t a s t a b l e  He a toms ,  r e s u l t i n g  in e n h a n c e d  N 2 r ad i a t i on .  Al though 
gas s e p a r a t i o n  e f fec t s  can not be e l i m i n a t e d  as  a p o s s i b l e  cause ,  the  
m e t a s t a b l e  exc i t a t ion  s o u r c e  h y p o t h e s i s  a p p e a r s  to be the  m o r e  p r o b -  
ab le  exp lana t ion .  The  u se  of add i t i ona l  N~ r a d i a t i v e  t r a n s i t i o n s  fo r  
m e a s u r e m e n t  of N 2 d e n s i t y  would p r o v i d e  an ind ica t ion  of the  v a l i d i t y  
of th is  sugges t ion ,  s i n c e  it is b e l i e v e d  that  r e s o n a n c e  exc i t a t i on  t r a n s -  
f e r  p r o c e s s e s  a r e  a s e n s i t i v e  func t ion  of the  amoun t  of e n e r g y  be ing  
t r a n s f e r r e d .  T h e r e f o r e ,  if i ndeed  it is the  He 21S s t a t e  popu la t ing  the  
N~ B 2 ~+ s ta te  by a q u a s i - r e s o n a n c e  e n e r g y  t r a n s f e r  p r o c e s s ,  then  
r a d i a t i v e  t r a n s i t i o n s  f r o m  d i f f e r e n t  v i b r a t i o n a l  l e v e l s  of the  N~ B 2 E+ 
s t a t e  m a y  y i e ld  s y s t e m a t i c a l l y  d i f f e r e n t  v a l u e s  of N 2 dens i t y .  Th i s  
would c o n f i r m  the h y p o t h e s i s .  

The  d e g r e e  of op t i ca l  c r o s s - t a l k  of the  f i l t e r s  and s p e c t r o m e t e r s  
e m p h a s i z e s  the n e c e s s i t y  fo r  a c c u r a t e  d e t e r m i n a t i o n s  of e l e c t r o n  exc i t a -  
t ion c r o s s  s e c t i o n s  of the v a r i o u s  gas  s p e c i e s  t yp i ca l ly  e n c o u n t e d  in 
such  t e s t  f a c i l i t i e s .  Th i s  is p a r t i c u l a r l y  i m p o r t a n t  fo r  t h o s e  s p e c i e s  
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f o r  w h i c h  t h e  m a i n  r a d i a t i v e  t r a n s i t i o n  s y s t e m s  a r e  w e a k  r e l a t i v e  to 
t h o s e  of  t h e  o t h e r  f l o w  c o n s t i t u e n t s .  Such  w a s  t h e  c a s e  of H 2, t h e  r a d i -  
a t i o n  f r o m  w h i c h  w a s  t h e  r e s u l t  of  a d i s s o c i a t i v e - e x c i t a t i o n  p r o c e s s .  
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TABLE I 
RADIATIVE SYSTEMS AND FILTER SPECIFICATIONS 

th, 

H2 

He 

N2 

4278 

N c°AI  

4634 4861 

(1) H 2 G---~B H~] 

(2) 25 /~ 20A 

4922 

4 1 D - - ~ 2 1 p  
85 

5016 

3 1 p - . ~ 2 1 S  
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I00 A 

Legend: (1) P r i m a r y  t r ans i t i on  at indicated wavelength  
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TABLE II 
EXCITATION COEFFICIENTS AND RATIOS 

s•U \ 

2 

3 

4 

5 

(1) 1.17 (-2) 
(2) 9.50 (-18) 

6.54 (- 3) 
5.29 (-18) 

1.23 (- 3) 
9.92 (- 19) 

1. 15 (-2) 
9.30 (- 18} 

1.78 (-14)* 

3.36 (-2) 
2.72 (- 17) 

1.00 
8.09 (- 16) 

4.47 (-2) 
3.62 (- 1'7) 

2.22 (- 1) 
1.80 (- 16) 

8.74 (-15)* 

1 . 6 7  (-2) 
1 . 3 5  (- 17) 

6.08 (-2) 
4.92 (- 17) 

1.99 
1.61 (-15) 

4.38  (-2) 
3.54 (- 17) 

0.0 

(1) Cs/~ / C22 

(2) Cs~(test ) 

*C51 and C52 expressed  in units of coun t s / s ec /  
molecule//~a; all others ,  in coun t s / s ec /  
molecule / ma. 

Entr ies  a re  to be in terpre ted  as 6 . 5 4 ( - 3 ) -  
6.54 x 10 -3. 
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TABLE III 
COLLISIONAL QUENCHING COEFFICIENTS 

2 

3 

4 

5 

(i) 3. 
(2) 5. 
(3) s. 

20 (- 17) 
0 (- 18)** 
0 (- 18)** 

6.3 (- 18)* 
1.0 (- 18)** 
1.0 (- 18)** 

5.2 (-18)* 
1.0 (- 18)** 
I. 0 (- 18)** 

i .  0 (- 17)* 
1.0 (- 18)** 
1.0 (-18)** 

3.20 (- 17) 
5.0 (- 18)** 
5.0 (- 18)** 

1.0 (-18) 
O. 00 .  
1.0 (-18) 

5.0 (- 18)** 
I. 85 (- 17) 
O. 00 .  

I. 0 (-18)** 
O. 00 .  
1.0 (- 18)** 

1.0 (- 18)** 
8.0 (-18) 
1.0 ( -18) * *  

1.0 (- 18)** 
O. 00.  
1. o (- 18)**  

1.0 (-18) 
1.0 (-18) 
1.42 (- 18) 

1.0 (-18)** 
I. o ( - 1 8 ) * *  
O. 00 .  

5.0 (- 18)** 
5.0 (- 18)** 
1.65 (- 17) 

I. 0 (-18)** 
I. 0 (-18)** 
I. 0 (-18)* 

1.0 (-18)** 
1.0 (- 18)** 
1.42 (-18)* 

Legend: (1) ~(~) 

e. g.. K(I ) = 3.20 (-ZV)is 3.20x I01V 
cc/molecuZe 

* Preliminary experimental measurements 
** Estimated. I 
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